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ABSTRACT
We evolve stellar models to study the rotational profiles of the pre-explosion cores of
single massive stars that are progenitors of core collapse supernovae (CCSNe), and find
large rotational shear above the iron core that might play an important role in the jet
feedback explosion mechanism by amplifying magnetic fields before and after collapse.
Initial masses of 15M and 30M and various values of the initial rotation velocity
are considered, as well as a reduced mass-loss rate along the evolution and the effect
of core-envelope coupling through magnetic fields. We find that the rotation profiles
just before core collapse differ between models, but share the following properties. (1)
There are narrow zones of very large rotational shear adjacent to convective zones.
(2) The rotation rate of the inner core is slower than required to form a Keplerian
accretion disk. (3) The outer part of the core and the envelope have non-negligible
specific angular momentum compared to the last stable orbit around a black hole
(BH). Our results suggest the feasibility of magnetic field amplification which might
aid a jet-driven explosion leaving behind a neutron star. Alternatively, if the inner core
fails in exploding the star, an accretion disk from the outer parts of the core might
form and lead to a jet-driven CCSN which leaves behind a BH.
Key words: stars: massive — stars: rotation — supernovae: general
1 INTRODUCTION
A growing number of observations and their analysis sup-
port the notion that jets play a crucial role in the explosion
of many core collapse supernovae (CCSNe; e.g., Wang et
al. 2001; Maund et al. 2007; Lopez et al. 2011, 2013, 2014;
Milisavljevic et al. 2013; Gonza´lez-Casanova et al. 2014;
Margutti et al. 2014; Milisavljevic et al. 2015; Fesen & Mil-
isavljevic 2016; Inserra et al. 2016; Mauerhan et al. 2017;
Grichener & Soker 2017; Bear & Soker 2017; Margutti et
al. 2017; Piran et al. 2017; Tanaka et al. 2017). Support to
the notion comes also from numerical simulations and ana-
lytical arguments (e.g. Khokhlov et al. 1999; MacFadyen et
al. 2001; Ho¨flich et al. 2001; Woosley & Janka 2005; Bur-
rows et al. 2007; Couch et al. 2009, 2011; Takiwaki & Ko-
take 2011; Lazzati et al. 2012; Maeda et al. 2012; Mo¨sta et
al. 2014; Nishimura et al. 2015; Bromberg & Tchekhovskoy
2016; Gilkis 2016; Nishimura et al. 2017; Sobacchi et al.
2017). Most of these theoretical studies hold that for the
newly formed neutron star (NS) or black hole (BH) to launch
jets, the pre-collapse core must spin rapidly. Such rapid rota-
tion seems to require a stellar binary companion that enters
the envelope of the CCSN progenitor or that the star never
reaches a giant phase. According to most of these studies,
therefore, jets take place in rare circumstances, and they
attribute some roles to jets only in specific types of CCSNe.
In contrast, there is a recent suggestion that all CCSNe
are exploded by jets, and that the jets operate in a negative
feedback mechanism (e.g., Papish & Soker 2011; Papish et al.
2015; Gilkis & Soker 2015; Gilkis et al. 2016; review by Soker
2016). In this negative feedback cycle, when the jets manage
to efficiently remove mass from the vicinity of their origin,
the mass accretion rate on to the central object decreases,
and hence the power of the jets decreases. In the case of
CCSNe, when the jets managed to eject (explode) the entire
core, they shut themselves off.
In cases of a slowly rotating pre-collapse core, the an-
gular momentum available for the formation of an accretion
disk or belt results from pre-collapse turbulence zones in the
core regions. The turbulence supplies the seeds to perturba-
tions (Gilkis & Soker 2014, 2015, 2016) that are amplified
by instabilities after collapse, mainly by the spiral modes of
the standing accretion shock instability (SASI). The spiral
modes of the SASI have been studied in recent years (e.g.,
Ferna´ndez 2010; Kotake et al. 2011; Rantsiou et al. 2011;
Endeve et al. 2012; Guilet & Ferna´ndez 2014; Iwakami et
al. 2014; Abdikamalov et al. 2015; Ferna´ndez 2015; Janka et
al. 2016; Moreno Me´ndez & Cantiello 2016; Kazeroni et al.
2016; Blondin et al. 2017; Kazeroni et al. 2017), and were
found, among other things, to influence the final angular
momentum of the NS. Endeve et al. (2012) find that the
spiral modes can amplify turbulence and magnetic fields.
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Rotational shear can further amplify magnetic fields in
the core, before and after collapse. Wheeler et al. (2015) dis-
cuss the role of shear in the pre-collapse core. In particular,
they examine the magnetorotational instability and its role
in slowing down the core rotation. They evolve massive stars
using the numerical code mesa (Modules for Experiments
in Stellar Astrophysics; Paxton et al. 2011, 2013, 2015) and
study the rotational profile in the core. Wheeler et al. (2015)
also mention the amplification of magnetic fields as a result
of the shear. Their analysis of the magnetorotational insta-
bility (MRI) in their rotating model suggests that magnetic
fields of ≈ 1012 G might exist at the edge of the iron core.
Mo¨sta et al. (2015) perform three-dimensional magne-
tohydrodynamic simulations of collapsing rapidly rotating
cores. They show that the turbulence amplifies the magnetic
field and leads to a large-scale magnetic field, that might
form bipolar magnetorotationally driven outflows. The an-
gular velocity gradient above the iron core of the pre-collapse
core, taken as in Takiwaki & Kotake (2011), is shallower
than we find in the present study for a given rotation ve-
locity. In any case, the general conclusion from the studies
of Wheeler et al. (2015) and Mo¨sta et al. (2015) is that the
shear in the pre-collapse core can amplify magnetic fields
before the collapse. Mo¨sta et al. (2015) further find that
amplification also takes place after the formation of the NS
at the centre.
For slowly rotating cores of massive stars, the pre-
collapse perturbations and post-collapse instabilities cannot
bring the temporary specific angular momentum to high
enough values that are needed to form an accretion disk.
Namely, the specific angular momentum stays below the Ke-
plerian one on the surface of the newly-born NS. A tempo-
rary accretion belt is formed perpendicular to the temporary
direction of the angular momentum of the accreted gas. An
accretion belt is defined here to be a thick sub-Keplerian
rotating accretion inflow that does not extend much beyond
the NS (or BH). In addition, the specific angular momentum
of the accreted gas is large enough to prevent an inflow along
the two opposite polar directions. Schreier & Soker (2016)
suggest that such an accretion belt substantially amplifies
magnetic fields, and then can launch jets.
In the present paper we simulate the rotation of pre-
collapse cores and obtain the rotation profile and the ro-
tation shears just before collapse. In section 2 we describe
the numerical method, and in section 3 we present the pre-
collapse rotation curves of the different evolutionary models.
Several studies have followed the evolution of rotating stars
(e.g., Heger et al. 2000, 2005; Hirschi et al. 2004, 2005; Yoon
& Langer 2005; Woosley & Heger 2005; Yoon et al. 2006).
Our new addition is the study of the influence of the mass
loss rate on the rotational profile of the core, and in com-
paring the angular momentum in the core to that requires
to form an accretion disk around the newly born NS of BH.
In section 4 we present the rotational shear for many
of the models that we have simulated. Other papers, e.g.,
Heger et al. (2005) and Wheeler et al. (2015), have studied
the shear in pre-collapse cores. We differ from them by in-
cluding a study with different mass loss prescriptions and
by discussing the effects of the strong shear on the jet feed-
back explosion mechanism. We also discuss the role that
rotational shear can play in further amplifying the mag-
netic fields and the implications of strong magnetic fields
(such as suggested by Wheeler et al. 2015) on the explosion
mechanism. We examine the rotation profile and identify
the location of the zones with strong rotational shear in the
pre-collapse core under a variety of initial conditions and
various mass-loss rates and core-envelope magnetic coupling
efficiencies. Our summary is in section 5.
2 NUMERICAL SETUP AND PHYSICAL
INGREDIENTS
We construct a set of stellar models using Modules for Ex-
periments in Stellar Astrophysics (mesa version 8845; Pax-
ton et al. 2011, 2013, 2015), with initial masses of MZAMS =
15M and MZAMS = 30M, and initial rotation in the range
0.05 6 Ω 6 0.9, where we define Ω ≡ (ω/ωcrit)ZAMS. The
critical angular velocity ωcrit is
ω2crit = (1− L/LEdd)GM/R3, (1)
where M is the total mass, R is the photospheric radius1,
L is the luminosity, and LEdd is the Eddington luminosity
of the star (the role of the Eddington factor is discussed in
detail by Maeder & Meynet 2000).
Rotation is implemented in mesa using the ‘shellular
approximation’ (Meynet & Maeder 1997), where the an-
gular velocity ω is assumed to be constant over isobars.
Rotationally-induced instabilities and convection transport
angular momentum within the stellar models (Paxton et al.
2013). Convection is treated according to the Mixing-Length
Theory with αMLT = 1.5. Semiconvective mixing (Langer et
al. 1983; Langer 1991) is employed with αsc = 0.01. Ex-
ponential convective overshooting is applied as in Herwig
(2000), with f = 0.016 (the fraction of the pressure scale
height for the decay scale). All models have an initial metal-
licity of Z = 0.02, and are evolved until the onset of core-
collapse (in-fall velocity of 1000 km s−1).
Our models account for angular momentum transfer by
the Spruit-Tayler (ST) dynamo (Spruit 2002) as well. Simi-
larly to Yoon et al. (2006), we modify the diffusive viscosity
due to magnetic torques, so that it is νmag = fν,magνST,
where νST is the magnetic viscosity according to Spruit
(2002), and fν,mag is a scaling parameter. We check eleven
values of fν,mag, equally spaced logarithmically, between
fν,mag = 0.01 and fν,mag = 1. We also point out the
results of Potter et al. (2012), who predict that massive
stars (MZAMS & 15M for LMC metallicity) cannot sustain
dynamo-driven fields.
Mass-loss during the main sequence phase is treated
according to the results of Vink et al. (2001). During the
giant phase, mass-loss depends on surface luminosity and
temperature according to the fit of de Jager et al. (1988).
Some models lose their hydrogen envelope and reach a Wolf-
Rayet (WR) phase. At this point mass-loss is according to
Nugis & Lamers (2000). The mass-loss rate is enhanced by
rotation (e.g., Heger et al. 2000; Maeder & Meynet 2000) by
a factor of (1− ω/ωcrit)−0.43.
In some models, a linear scaling factor η for the mass-
loss rate was applied for the entire evolution, with values
1 More accurately, this should be the equatorial radius at critical
rotation. This is one of several inaccuracies arising in the one-
dimensional treatment of rapidly-rotating stars.
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ranging from η = 0.1 up to standard (canonical) mass-loss
with η = 1 (the same range of mass-loss reduction was also
studied by Renzo et al. 2017 for non-rotating stars). Model-
ing the evolution with a reduced mass-loss rate is motivated
by two reasons. (1) When the mass-loss is dominated by
radiation pressure on dust, the calibrated rate might repre-
sent binary systems, as most massive stars interact with a
companion during their lifetime (Sana et al. 2012), and in-
teraction is all the more likely when the envelope is inflated
and red. This argument was used also to claim for a lower
mass-loss rate in isolated low mass stars (Sabach & Soker
2018). (2) Formation of clumps in stellar winds can lead to
the overestimation of the mass-loss by a factor of 3 to 10
(Smith 2014).
A total of 76 stellar models were evolved up to the point
where the iron core becomes unstable and starts to collapse.
Not all models in the large parameter space (initial mass, ini-
tial rotation velocity, mass-loss rate and magnetic viscosity)
were simulated. Some parameter choices resulted in conver-
gence problems – in particular reduced mass-loss combined
with high initial rotation. The main results are presented in
section 3, and additional properties of interest are listed in
the appendix.
3 PRE-COLLAPSE DIFFERENTIAL
ROTATION
Fig. 1 shows the specific angular momentum profiles for
models of MZAMS = 15M and an initial rotation veloc-
ity on the equatorial plane of vZAMS = 131 km s
−1, cor-
responding to Ω ≡ (ω/ωcrit)ZAMS = 0.2 (a rather typical
velocity, e.g., Ramı´rez-Agudelo et al. 2013, 2015), for dif-
ferent assumed mass-loss rates, scaled by η, and magnetic
viscosities, scaled by fν,mag. We note that the specific an-
gular momentum shown is the average for each shell, while
on the equator the specific angular momentum is larger by
a factor of 1.5, according to the shellular approximation. It
can be seen that the rotation profile is not affected much
by the reduction of the wind mass-loss, with the relative
specific angular momentum varying by less than an order
of magnitude between models. The largest deviation is seen
for η = 0.3, where a less massive iron core is formed. This
is an example of the notorious non-monotonicity of stellar
evolution. The magnetic viscosity has a more pronounced
effect on the core rotation rate, with a trend of weaker core-
envelope coupling leading to higher values of the core specific
angular momentum.
At each mass coordinate m of the stellar models, a
Schwarzschild BH with the same mass is considered, and
the specific angular momentum of its innermost stable cir-
cular orbit (ISCO),
jLSO,Sch =
√
12Gm/c, (2)
is presented for comparison. The specific angular momentum
of the core material presented in Fig. 1 is lower than that of
the Schwarzschild ISCO, while for most of the hydrogen en-
velope it is higher. Therefore, if after collapse the core fails in
driving an explosion and a BH is formed, the material of the
hydrogen envelope cannot fall into the BH without forming
an accretion disk. This is probably irrelevant though, as the
binding energy of the hydrogen envelope is quite low, and
reduction of the gravitational potential due to mass-loss by
neutrino emission will generate a shock wave which ejects
the envelope (Nadezhin 1980; Lovegrove & Woosley 2013).
Fig. 2 shows the dependence of the final core rotation
rate on the initial rotation rate, for two values of the mass-
loss scaling factor, η = 0.1 and η = 1. For canonical mass-
loss, a nearly-constant relation is obtained between the ini-
tial and final rotation rates, except for several cases of large
specific angular momentum in the helium shell which are to
be discussed below. Another distinct feature is the separa-
tion between the shell boundaries, where for each model the
relative specific angular momentum is higher in the helium
shell than in the oxygen shell, and the same relation holds
between the oxygen shell and iron core. This is due to the
specific angular momentum increasing more rapidly with the
mass coordinate than the Schwarzschild relation does.
The reduced mass-loss rate yields a more pronounced
correlation between the initial and final rotation rates. This
is possibly due to the core-envelope coupling, with reduced
mass-loss leading to a more massive hydrogen envelope,
which more forcefully damps the core rotation. Although
a different relation is discerned for the different mass-loss
rates, for the lower initial rotation rates (which represent
most massive stars) the specific angular momentum is below
that of the ISCO around an equivalent mass Schwarzschild
BH.
Several interesting cases are seen for very high initial
rotation rates, representing very rare cases of massive stars
(e.g., Ramı´rez-Agudelo et al. 2013, 2015). MZAMS = 15M
models with Ω & 0.65 (for η = 1) and Ω & 0.55 (η = 0.1) end
up with high specific angular momentum at the edge of their
helium shells. All of these models end their lives as helium
stars, so that the edge of the helium layer is actually the
photosphere. In some cases the total mass above the point
where j = jLSO,Sch is negligible, but in other cases it is a few
tenths of a solar mass, and in one case it even exceeds 1M.
Then, a failure of the inner core in driving a successful SN
explosion will lead to the formation of a massive accretion
disk (Md ≈ 0.01− 1M) around a BH (MBH ≈ 5− 10M),
and a jet-driven CCSN.
The aforementioned models of helium stars with
j/jLSO,Sch > 1 (Fig. 2) reach the stage of iron core forma-
tion without ever going through a giant phase. This is simi-
lar to so-called chemically homogeneous evolution (CHE, or
quasi-CHE for when the evolution is not completely chem-
ically homogeneous), although it is usually expected to oc-
cur only for low metallicity stars (e.g., Yoon & Langer 2005;
Woosley & Heger 2005; Yoon et al. 2006), and our results
might arise from a shortcoming of the numerical procedure.
One such point is the treatment of near critical rotation,The
phenomenon of quasi-CHE in our models is questionable due
to the approach of these models to critical rotation, where-
upon the one-dimensional treatment of the deformed outer
layers becomes uncertain. This issue is treated by limiting
the angular velocity to ω/ωcrit 6 0.99 through adjustment
of the mass-loss rate. This is sometimes termed ‘mechani-
cal mass-loss’ (e.g., Granada et al. 2013; see also Marchant
et al. 2016). Stellar models with high initial rotation rates
contract while on the main sequence, with some of them ap-
proaching critical rotation. The models can be classified into
two classes, the class evolving to the red and the class with
higher initial rotation rates evolving quasi-homogeneously
MNRAS 000, 1–12 (2017)
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Figure 1. Top-left: The specific angular momentum profiles for pre-collapse models of MZAMS = 15M and Ω ≡ (ω/ωcrit)ZAMS = 0.2,
and various mass-loss rates. For comparison, the specific angular momentum of the last stable orbit around a BH is presented, calculated
at each mass coordinate for an equivalent Schwarzschild or maximally-rotating Kerr BH. The region where the specific angular momentum
is above the Schwarzschild value is the hydrogen envelope. Top-right: The specific angular momentum profiles for pre-collapse models
with different magnetic viscosities. The boundaries between layers can be seen as steep changes in the specific angular momentum: the
edge of the iron core at m ≈ 1.5M; the outer oxygen layer around m ≈ 3M; and the outer helium shell at m ≈ 5M. Bottom-left: The
specific angular momentum at the edges of the core layers, divided by the specific angular momentum of the innermost stable circular
orbit around a Schwarzschild BH of a mass equivalent to the appropriate mass coordinate (edge of iron core, oxygen shell or helium shell),
for different mass-loss rates. Bottom-right: Relative specific angular momentum at the edges of the core layers for different magnetic
viscosities.
and remaining in the blue region of the Hertzprung-Russel
diagram. Most models with MZAMS = 15M evolve into
red supergiants (RSG), with a narrow transition around
Ω ≈ 0.5 for which the final stage is a blue supergiant (BSG;
for η = 0.1) or yellow supergiant (YSG; for η = 1)2.
Fig. 3 shows the final core rotation rate for models
with MZAMS = 30M and different initial rotation rates, for
η = 0.1 and η = 1. For the models with MZAMS = 30M and
η = 1 the pre-collapse core rotation is less sensitive to the
initial rotation velocity than for the models with MZAMS =
15M. A similar feature is the low relative specific angular
momentum of the core for most cases. Only for η = 0.1 and
Ω = 0.5 (corresponding to vZAMS = 329 km s
−1), a high
pre-collapse rotation rate is reached, with the star never ex-
panding much during its evolution. Higher initial rotation
rates (for which numerical difficulties were encountered) are
2 We define RSG as a star with a surface temperature of
log Teff (K) < 3.6, BSG for log Teff (K) > 3.8, and YSG for the
cases in between.
likely to evolve this way as well. An intriguing result is that
all models with MZAMS = 30M and η = 1 reach a giant
phase, with none evolving through quasi-CHE. This might
be due to the increased loss of angular momentum accom-
panying strong mass loss, followed by the cessation of the
rotational mixing which drives homogeneous evolution.
Most models with MZAMS = 30M and η = 1 end their
lives as WR stars3, while a few become BSGs with low-mass
hydrogen envelopes. For MZAMS = 30M and η = 0.1, how-
ever, a massive hydrogen envelope is retained for Ω < 0.45,
and the stellar models are YSGs. In most YSG models, a
part of the hydrogen envelope has j > jLSO,Sch. As dis-
3 In some studies (e.g., Renzo et al. 2017) stellar models are clas-
sified as WR stars when the mass fraction of 1H on the surface,
Xs, is below 0.4. In our models we use Xs < 0.3 for WR stars,
as we find models with 0.3 < Xs < 0.4 which have photospheric
radii and surface temperatures typical of BSGs. It should be noted
that WR stars are identified by broad emission lines, and we do
not perform the required spectral modeling for this.
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Figure 2. The specific angular momentum at the edge of the iron
core, and at the edge of the oxygen and helium shells, for models
of MZAMS = 15M and different ZAMS rotation velocities. As
in the bottom panels of Fig. 1, the specific angular momentum
is presented relative to the equivalent Schwarzschild value. The
top panel shows the results for the standard mass-loss, and the
bottom panel for reduced mass-loss by a factor of η = 0.1.
cussed by Lovegrove & Woosley (2013), the effect of envelope
ejection due to gravitational mass-loss by neutrino emission
might be weaker for more massive stars, and accretion of
the hydrogen envelope onto a BH following the failure of
the core in exploding the star will produce a transient event
(e.g., Woosley & Heger 2012). In the BSG models, no part
of the low-mass hydrogen envelope possesses j > jLSO,Sch.
To summarize this section, we find that the specific
angular momentum of the inner core (up to the oxygen
layer) at the pre-explosion stage is lower than required to
form an accretion disk around a NS or BH after collapse.
The helium layer and the hydrogen envelope, however, have
non-negligible specific angular momentum in many cases.
Therefore, an accretion belt or an accretion disk might form
around a newly-formed BH, if the inner core fails in explod-
ing the star. Our results do not rule out the formation of
intermittent-stochastic accretion belts due to instabilities as
required by the jittering-jets mechanism. In the next section
we discuss the possibility of a jet-driven explosion aided by
magnetic field amplification due to the rotational shear in
the inner core.
Figure 3. Like Fig. 2 but for MZAMS = 30M.
4 THE ROTATIONAL SHEAR
4.1 Numerical derivation of rotational shear
In this section we study the rotational shear in the pre-
collapse core, and briefly discuss its possible implications.
We first discuss the rotational shear above and close to the
iron core, and in section 4.3 we study the shear further out
in the core. The variation of the rotational shear in the core
depends on many parameters along the stellar evolution,
noticeably the viscosity, in particular the magnetic coupling,
e.g., the Spruit-Tayler (ST) mechanism (e.g., Heger et al.
2005). We here study only the effects of mass-loss rate and
coupling (magnetic viscosity).
Wheeler et al. (2015) study the effects due to both the
magnetorotational instability (MRI) and the ST mechanism.
They obtain the angular velocity profiles when they include
none, one of these, or both MRI and ST mechanisms. Al-
though the angular velocity profile at the end of their cal-
culations changes from one case to the other, in all cases
there are zones of strong shear above the iron core. Wheeler
et al. (2015) find that when the ST and MRI mechanisms
are both included, the final rotation more closely resembles
cases that include only the ST mechanism than those that
include only the MRI. We here include (through mesa) the
ST mechanism.
Our analysis differs from those of Heger et al. (2005) and
Wheeler et al. (2015) in three main aspects. (1) We study the
influence of reduced mass-loss rate. (2) We discuss the effects
of the strong shear on the jet feedback explosion mechanism,
MNRAS 000, 1–12 (2017)
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and in particular on the jittering-jets explosion mechanism
(in section 4.2). (3) For that goal, we present the value of
the shear parameter scaled by Keplerian angular velocity,
qKep =
r
ωKep
dω
dr
=
ω
ωKep
d lnω
d ln r
. (3)
Here ωKep = (GMr/r
3)1/2 is the Keplerian angular velocity,
and ω and Mr are the angular velocity and mass at radius r
in the pre-collapse core. Since the angular velocity decreases
with radius in most of the stellar interior, the value of qKep
is generally negative. The models that we present here are
the same as those studied in section 3.
Numerically the shear as given in equation 3 is calcu-
lated by dividing the difference in lnω between two adjacent
numerical shells by the difference in ln r between them, and
then multiply by the local value of ω/ωKep. The main issue
with the shear is not the numerical resolution, but rather
real physical instabilities that might smear it a little. To the
accuracy of our discussion to follow, the numerical procedure
and resolution are adequate.
In Fig. 4 we present the value of qKep for a model with
an initial mass of MZAMS = 15M, and for various values
of the ratio of the initial angular velocity to the critical an-
gular velocity, Ω. In this figure all cases have a mass-loss
scaling factor of η = 1. In Fig. 5 we present the shear for the
same initial model, but the mass-loss rate along the entire
evolution was ten times lower, i.e., η = 0.1. Fig. 6 and Fig.
7 present the respective cases for a stellar model with an
initial mass of 30M. In Fig. 8 we present again the model
with MZAMS = 15M, but for a value of Ω = 0.2 and differ-
ent mass-loss rates. This figure shows that the details of the
final rotational profile change with mass-loss rate along the
evolution, but in all cases there are zones of large shear.
We also examine the role of the core-envelope coupling
through fν,mag (see discussion of this parameter in section
3). In Fig. 9 we present the shear as defined in equation
3, for six cases that differ only by the value of fν,mag. The
exact location of the high-shear zones and their values, and
the location of the convective zones, change from one case to
the other, but in all cases there are high-shear zones adjacent
to convective zones.
4.2 Possible implications of rotational shear
In all the cases that we present in Figs. 4 to 9, zones with
strong shear are seen above, and not far from, the mass
coordinate of about 1.3M. We consider this baryonic mass
because it corresponds to a final gravitational mass of the
NS of about 1.2M, which is about the minimal value of
observed NS. When the central object, the proto-NS, reaches
a mass of about 0.5M (Janka 2012) the pressure in the
centre is high enough to overcome the ram pressure of the
in-falling material and a shock wave starts to propagate out.
This is the core bounce. The shock propagates to about
150 km where it stalls (e.g., Mu¨ller 2016). The presence of
zones with strong shear above a mass of about 1.3M has
some implications on the supernova explosion process.
There are many studies on the collapse of rotating cores
(see section 1), and some studies that concentrate on the
shear immediately after collapse. Sawai & Yamada (2014)
and Mo¨sta et al. (2015), for example, studied the collapse
of a rapidly rotating pre-collapse core within the frame of
Figure 4. The value of the shear as calculated by qKep that is
given in equation (3), depicted with a blue line below the zero
line, as function of the mass coordinate in the range 1.3−2.3M,
and for the models of MZAMS = 15M. The grey areas above
the zero line present the convective zones in the core. The mass-
loss scaling factor is η = 1, and panels represent different values
of the ratio of the initial angular velocity to the critical angular
velocity, Ω. Dashed vertical pink lines mark the edge of the Fe
core, and green lines mark the edge of the Si shell. Shears that
dropped lower than −0.2 were cut at that minimal value. In this
set, models with Ω = 0.65 and 0.8 have a minimum shear of −0.3
and −0.7, respectively. In the Ω = 0.2 model, the Si is unmarked
as silicon and oxygen are mixed above the iron core. In all cases
strong shear is seen above the iron core.
neutrino explosion mechanism, e.g., they were looking for
the revival of the stalled shock. We differ from most previ-
ous studies in (1) looking also at slowly rotating pre-collapse
core, and (2) working in the frame of the jet feedback mech-
anism, and in particular the jittering-jets mechanism.
It is hard to estimate the shear that is expected to form
around the proto-NS, at a radius of about 20 − 30 km, as
a result of the shear in the pre-collapse core. The reason is
that after the falling material is shocked, at about 150 km, it
enters a region of turbulence and instabilities. Nonetheless,
MNRAS 000, 1–12 (2017)
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Figure 5. Like Fig. 4, but for a mass-loss scaling factor of η = 0.1,
i.e., the mass-loss rate is ten times lower than that for the cases
presented in Fig. 4. Note that here the marks on the vertical axis
for qKep are in units of 10
−3. In this set, models with Ω = 0.35
and 0.5 had a minimum shear of −7 and −11 in that range,
respectively. In all cases strong shear is seen above the iron core.
our results point out that the shear around the proto-NS
might be non-negligible in influencing instabilities and in
amplifying magnetic fields, even in the slowly rotating pre-
collapse cores that we study.
Mo¨sta et al. (2015) take for their magnetohydrodynamic
simulations of collapsing rapidly rotating cores a rotation
profile from Takiwaki & Kotake (2011), that in the equato-
rial plane is given by
ω(r) = 2.8
[
1 +
( r
500 km
)2]−1
rad s−1. (4)
The typical shear for this profile at a radius of 1650 km and
a mass of 1.5M is qKep ' −0.06. This is the magnitude
of the shear they obtain for specific angular momentum of
6.4× 1015 cm2 s−1 at r = 1650 km in the pre-collapse core,
which is a specific angular momentum about an order of
magnitude above the values of specific angular momentum
we have here at this radius (section 3). Namely, for a rotation
velocity that is about an order of magnitude slower than
that used by Mo¨sta et al. (2015), we find zones with shear
magnitudes that are about equal to, and even larger than,
those in their rotational profile. The results of Mo¨sta et al.
(2015) might suggest then, that the shear around the proto-
NS can amplify the magnetic fields even in cases of slowly
rotating pre-collapse cores. To study this effect, the results
of Mo¨sta et al. (2015) indicate also that one has to use very
Figure 6. Like Fig. 4 but for a model with an initial mass of
MZAMS = 30M. Pink lines mark the edge of the Fe core, and
green lines mark the edge of the Si shell. In one case the edge of
the O shell is within the mass range, and is marked with a yellow
line. In this set, models with Ω = 0.35 and 0.65 had a minimum
shear of −0.45 and −14, respectively.
high resolution 3D magnetohydrodynamical numerical codes
to simulate the effects of magnetic fields in collapsing cores
(beyond our present capabilities).
There is another effect that deserves further study in fu-
tures works. The stochastic nature of the convection zones
in the collapsing core might lead to the formation of an
accretion belt, or even an accretion disk, around the pre-
NS (Gilkis & Soker 2014). The combined operation of this
stochastic angular momentum, the SASI, the shear, and the
rotation (even if slow), might lead to amplification of insta-
bilities and magnetic fields in a flow with preferred direction
(the angular momentum direction). The basic assumption of
the jittering-jets mechanism is that these lead to the launch-
ing of intermittent-stochastic jets. The new addition here
is that the zones with large shear might facilitate the for-
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Figure 7. Like Fig. 6 but for models with a mass-loss rate ten
times lower, i.e., η = 0.1. In this set, models with Ω = 0.05 and
0.5 had a minimum shear of −7 and −4, respectively.
mation of intermittent accretion disks/belts, and hence the
launching of jets.
Many of the high-shear zones are adjacent to convec-
tive layers. This has two implications. Shear and adjacent
convection lead to amplification of magnetic fields before
the collapse, through the operation of a dynamo. After
the collapse, the accreted gas from these zones will possess
both stochastic variation of the specific angular momentum
(Gilkis & Soker 2014) and sheared inflow. These are neces-
sary for the jittering-jets mechanism.
4.3 Cases of black hole formation
In case the star does not explode after the formation of a NS,
material continues to be accreted and forms a BH. For that
possibility, in Figs. 10 and 11 we present the shear in the
outer layers of the core of some cases. We note the following
properties. (1) There is a strong shear just above the outer
boundary of the oxygen layer. (2) There is a desert of high-
shear zones in the range from about 2.5M to the outer
boundary of the oxygen layer. The only such zone is at a
mass coordinate of 2.7M (upper panel of Fig. 11), but it is
far from a convective zone.
4.4 Main results related to rotational shear
We can summarize the main results discussed in this section
as follows. Several high-shear zones, some that are adjacent
Figure 8. Like Fig. 4 but for Ω = 0.2 and five values of mass-loss
rate parameter η.
to convective zones, exist in the mass range ≈ 1.3− 2.2M
near and outside the boundary of the iron core just be-
fore collapse. These high-shear zones adjacent to convec-
tive zones are likely to amplify magnetic fields before the
collapse. According to the assumption of the jittering-jets
explosion mechanism, such zones are likely to lead to the
formation of stochastic-intermittent accretion belts/disks
around the newly-born NS. These accretion belts/disks
launch jets, that according to the jet feedback mechanism,
explode the star. There is a desert of such zones in the mass
range ≈ 2.5−4.5M. Further such zones appear outside the
oxygen layer, and will play a role in the case that the inner
core does not bring to explosion, and a BH forms at the
centre.
5 SUMMARY
In performing this study we were motivated by the failure
of 3D numerical simulations to consistently and persistently
explode massive stars by the delayed neutrino mechanism.
One possible alternative is to explode massive stars with jets
(see discussion in section 1). Jets are launched by accretion
disks or accretion belts around the newly-born NS or BH,
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Rotational shear in pre-collapse massive stars 9
Figure 9. Like Fig. 4 but featuring models with MZAMS =
15M, Ω = 0.2, η = 1, and 6 equally logarithmically spaced
values from 0.01 to 1 of magnetic viscosity reduction fν,mag. In
the fν,mag = 0.01 and fν,mag = 1 cases the edge of the Si shell is
unmarked as silicon and oxygen are heavily mixed above the Fe
core.
with the amplification of magnetic fields in these disks/belts.
The rotation profile and the rotational shear are important
for the magnetic field amplification (dynamo). We set the
goal to study the influence of mass-loss rate and coupling
(magnetic viscosity) on the rotation profile and the rota-
tional shear in the core just before core-collapse, for models
with different initial masses and rotation velocities.
We evolved a set of single massive rotating stars within
a large range of parameters (18 values of initial rotation ve-
locity, 10 values of mass-loss rate, 11 values of magnetic vis-
cosity and 2 values of initial mass). We found, as described
in section 3 and shown in Figs. 1-3, that the pre-collapse
specific angular momentum profiles of the inner layers of
the core, from iron to oxygen, of our stellar models do not
Figure 10. Shear and convection in the 1 − 10M range of the
mass coordinate for models of MZAMS = 15M, Ω = 0.5, and for
two different mass-loss scaling factors η. Pink lines mark the edge
of the Fe core, green lines mark the edge of the Si shell, yellow
lines mark the edge of the O shell and blue lines mark the edge
of the He shell. Shears that dropped lower than −1 were cut at
this value in the graphs presented here. The model with η = 0.1
had a minimum shear of −11 in that range.
Figure 11. Like Fig. 10, but for models with MZAMS = 30M.
The model with η = 0.1 had a minimum shear of −4 that we cut
at −1.
reach the values required to form a fully developed Keple-
rian accretion disk around the newly-born NS or BH. Our
calculations do not consider the formation of intermittent-
stochastic accretion disks/belts that are formed by instabil-
ities before and after collapse.
Despite the relatively slow pre-collapse core rotation in
the majority of our stellar models (see section 3), we found,
as shown in Figs. 4-9, that there are zones of large rotational
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shear above the iron core, and that many of them are ad-
jacent to convective zones. These regions are located in a
mass coordinate that is appropriate for the formation of a
NS with a gravitational mass of ≈ 1.2 − 2M. In case the
core does not explode after the inner ≈ 2.5M collapse, we
find that the next region of high rotational shear zones is
above the oxygen shell at a mass coordinate of & 4.5M, as
shown in Figs. 10 and 11. This corresponds to the formation
of a BH.
These results hint that even slowly rotating pre-collapse
cores might amplify magnetic fields in the pre-collapse core,
and in the region above the newly-formed NS after collapse.
Such an amplification is required in the jet feedback ex-
plosion mechanism, and in particular it is relevant to the
jittering jets model (see section 1).
Our results suggest that in simulating the explosion of
the cores of massive stars one has to consider rotational
profiles that include zones of high rotational shear as we
find in the present study. Analytical smoothed fitting to the
rotation profile might miss essential processes. Such high-
shear zones might play a significant role in the stochas-
tic/unstable/turbulent flow beyond the stalled shock, where
gas is accreted on to the newly-born NS or BH.
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APPENDIX: PRE-COLLAPSE PROPERTIES OF
THE STELLAR MODELS
Table 1 presents several properties of interest for all our
models with MZAMS = 15M, and Table 2 presents the
models with MZAMS = 30M. The first three columns list
the initial conditions and model assumptions, with the rest
showing the resulting pre-collapse properties. We list param-
eters of compact objects formed through three scenarios: (i)
The inner core explodes the star, and a NS is formed, with
a mass approximately that of the iron core. (ii) A BH forms
from the CO core, with the rest being expelled. (iii) All ma-
terial below the hydrogen envelope forms a BH, unless is has
sufficient angular momentum to avoid accretion.
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Table 1. Model parameters for MZAMS = 15M
Ω η fν,mag Mf Rph Lph Teff MFe JFe PNS MCO JCO aCO MBH JBH aBH class
0.05 0.1 1 14.65 1117 1.08 3132 1.57 0.02 626 3.39 0.10 0.001 5.15 0.25 0.001 RSG
0.1 0.1 1 14.65 1087 1.02 3133 1.51 0.06 146 3.40 0.43 0.004 5.17 1.30 0.006 RSG
0.15 0.1 1 14.69 1083 1.03 3142 1.56 0.14 68 3.34 1.10 0.011 5.10 3.46 0.015 RSG
0.2 0.1 1 14.66 1090 1.01 3121 1.45 0.22 39 3.39 2.30 0.023 5.15 7.28 0.031 RSG
0.25 0.1 1 14.66 1121 1.11 3150 1.49 0.19 46 3.42 1.91 0.019 5.18 5.92 0.025 RSG
0.3 0.1 1 14.70 1085 1.03 3139 1.51 0.29 31 3.27 2.42 0.026 5.02 7.80 0.035 RSG
0.35 0.1 1 14.23 1142 1.28 3234 1.51 0.02 466 3.71 0.17 0.001 5.54 0.47 0.002 RSG
0.4 0.1 1 14.10 1145 1.39 3298 1.56 0.04 235 3.76 0.35 0.003 5.60 1.00 0.004 RSG
0.45 0.1 1 13.14 1114 1.56 3440 1.53 0.29 32 4.12 4.43 0.030 6.07 12.97 0.040 RSG
0.5 0.1 1 8.48 127 1.87 10677 1.81 1.09 11 5.64 21.30 0.076 8.04 59.26 0.104 BSG
0.55 0.1 1 9.67 6.1 1.92 48910 1.80 2.39 5 6.99 67.40 0.157 9.34 162.63 0.212 WR
0.6 0.1 1 9.07 1.6 2.69 103368 1.61 3.76 3 5.05 40.90 0.182 8.03 268.53 0.473 WR
0.65 0.1 1 10.51 1.7 2.90 101884 1.83 2.49 5 5.75 26.40 0.091 10.15 273.18 0.301 WR
0.05 1 1 12.42 1084 1.00 3122 1.52 0.69 13 3.11 6.01 0.071 4.84 20.15 0.098 RSG
0.1 1 1 12.18 1108 1.14 3189 1.51 0.54 17 3.17 5.45 0.062 4.90 17.42 0.082 RSG
0.15 1 1 11.44 1096 1.15 3210 1.42 0.51 17 3.33 7.85 0.080 5.11 27.58 0.120 RSG
0.2 1 1 11.62 1097 1.09 3168 1.46 0.36 24 3.30 4.05 0.042 5.07 12.70 0.056 RSG
0.25 1 1 12.00 1109 1.07 3136 1.48 0.27 33 3.17 2.56 0.029 4.92 8.30 0.039 RSG
0.3 1 1 11.33 1101 1.18 3228 1.50 0.58 16 3.39 6.69 0.066 5.17 20.48 0.087 RSG
0.35 1 1 10.59 1111 1.25 3256 1.40 0.24 34 3.57 3.90 0.035 5.40 12.01 0.047 RSG
0.4 1 1 10.05 1051 1.32 3397 1.51 0.86 11 3.72 10.74 0.088 5.58 34.40 0.126 RSG
0.45 1 1 8.12 880 1.47 3811 1.64 0.92 11 4.19 13.27 0.086 6.16 41.09 0.123 RSG
0.5 1 1 8.44 628 2.04 4895 1.73 1.12 10 5.07 20.68 0.091 7.29 56.88 0.122 YSG
0.55 1 1 8.39 475 2.00 5605 1.61 1.20 8 5.42 22.13 0.086 7.68 60.87 0.117 YSG
0.6 1 1 7.28 1.2 1.94 108630 1.54 0.23 41 5.21 4.32 0.018 7.28 8.38 0.018 WR
0.65 1 1 6.49 1.4 1.62 97181 1.48 0.58 15 4.56 9.84 0.054 6.49 32.70 0.088 WR
0.7 1 1 6.62 1.2 1.69 105140 1.47 0.76 12 4.64 12.67 0.067 6.61 61.46 0.159 WR
0.75 1 1 5.83 1.2 1.20 96964 1.43 1.07 8 4.07 18.89 0.129 5.55 95.83 0.354 WR
0.8 1 1 6.10 1.3 1.43 98003 1.50 0.70 13 4.32 12.25 0.075 6.09 62.05 0.190 WR
0.85 1 1 5.61 1.5 1.37 90161 1.46 0.99 9 3.93 16.43 0.121 5.25 85.96 0.354 WR
0.9 1 1 5.68 1.2 1.26 96779 1.46 0.86 10 3.96 12.89 0.093 5.55 83.44 0.307 WR
0.2 0.2 1 14.30 1106 1.21 3235 1.52 0.24 39 3.38 2.24 0.022 5.14 6.95 0.030 RSG
0.2 0.3 1 14.12 1128 1.05 3097 1.33 0.09 88 3.26 1.00 0.011 5.01 3.19 0.014 RSG
0.2 0.4 1 13.73 1119 1.07 3126 1.43 0.21 39 3.31 2.24 0.023 5.06 7.07 0.031 RSG
0.2 0.5 1 13.61 1116 1.05 3115 1.56 0.28 35 3.20 2.21 0.025 4.93 7.16 0.033 RSG
0.2 0.6 1 12.93 1099 1.04 3131 1.57 0.53 18 3.33 4.88 0.050 5.11 15.75 0.068 RSG
0.2 0.7 1 13.27 1088 1.03 3136 1.52 0.34 27 3.10 2.85 0.034 4.84 9.53 0.046 RSG
0.2 0.8 1 12.75 1108 1.10 3164 1.46 0.27 32 3.18 3.01 0.034 4.91 9.78 0.046 RSG
0.2 0.9 1 11.50 1107 1.17 3211 1.49 0.25 36 3.41 2.39 0.023 5.20 7.72 0.032 RSG
0.2 1 0.01 11.35 1095 1.28 3303 1.46 2.20 4 3.40 23.81 0.234 5.19 75.65 0.319 RSG
0.2 1 0.0158 11.35 1102 1.13 3187 1.53 2.26 4 3.38 21.06 0.209 5.16 67.41 0.287 RSG
0.2 1 0.0251 12.00 1097 1.08 3164 1.45 1.50 6 3.24 16.02 0.173 4.98 52.71 0.241 RSG
0.2 1 0.0398 11.37 1109 1.18 3213 1.57 1.87 5 3.37 16.56 0.165 5.16 53.98 0.230 RSG
0.2 1 0.0631 11.96 1098 1.10 3174 1.58 1.23 8 3.25 9.95 0.107 4.99 31.97 0.146 RSG
0.2 1 0.1 11.38 1108 1.22 3244 1.46 1.26 7 3.37 13.32 0.133 5.16 44.60 0.191 RSG
0.2 1 0.1585 11.70 1105 1.15 3196 1.47 0.83 11 3.28 10.92 0.115 5.04 36.80 0.164 RSG
0.2 1 0.2512 11.66 1107 1.12 3175 1.47 0.79 11 3.30 9.18 0.096 5.06 30.09 0.133 RSG
0.2 1 0.3981 11.92 1096 1.08 3161 1.37 0.28 28 3.24 2.91 0.032 4.99 9.30 0.042 RSG
0.2 1 0.631 11.73 1113 1.10 3156 1.42 0.25 33 3.27 3.48 0.037 5.03 10.99 0.049 RSG
Note: Ω ≡ (ω/ωcrit)ZAMS, with ωcrit according to equation (1). η is the mass-loss scaling factor. fν,mag is the scaling factor for the mag-
netic viscosity. Mf is the pre-collapse stellar mass in M. Rph is the photosphere radius in R. L is the luminosity in 105 × L. Teff is
the effective temperature in K. MFe is the pre-collapse iron core mass in M, and JFe is its total angular momentum in 1048 g cm2 s−1.
PNS is the rotation period in ms of a NS with MFe and JFe, calculated using I = 1.3× 1045 (MFe/1.4M)3/2 for the NS moment of inertia
(Lattimer & Schutz 2005; Metzger et al. 2015). MCO is the mass of the pre-collapse carbon-oxygen core in M, and JCO is its total an-
gular momentum in 1048 g cm2 s−1. aCO = cJCO/GM2CO is the spin parameter of a Kerr BH if it is formed from the carbon-oxygen core.
MBH is the mass up to the outer edge of the helium layer, or up to the point where j/jLSO,Sch > 1, whichever comes first. We consider this
the maximal possible BH mass. JBH is the corresponding total angular momentum in 10
48 g cm2 s−1, and aBH = cJBH/GM2BH. The final
column indicates our classification for the stellar type for each pre-collapse model, as described in section 3.
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Table 2. Model parameters for MZAMS = 30M
Ω η fν,mag Mf Rph Lph Teff MFe JFe PNS MCO JCO aCO MBH JBH aBH class
0.05 1 1 12.75 4.4 4.07 69286 1.48 1.19 7 3.82 7.00 0.054 12.58 163.12 0.117 WR
0.1 1 1 12.94 387 4.59 7641 1.82 1.11 11 6.83 13.91 0.034 12.00 91.82 0.072 BSG
0.15 1 1 12.62 4.7 4.34 68354 1.85 0.54 23 8.01 10.81 0.019 12.35 45.04 0.034 WR
0.2 1 1 12.66 130 4.09 12813 1.77 0.29 40 5.51 2.06 0.008 11.95 24.93 0.020 BSG
0.25 1 1 13.01 146 4.42 12346 1.70 0.34 32 8.01 9.03 0.016 11.98 28.96 0.023 BSG
0.3 1 1 12.55 111 4.22 14003 1.90 0.40 33 9.23 13.91 0.019 12.16 31.28 0.024 BSG
0.35 1 1 12.46 2.3 3.03 88967 1.48 1.05 8 2.22 1.85 0.043 12.46 103.57 0.076 WR
0.4 1 1 14.40 305 4.43 8539 1.69 0.47 23 9.32 17.77 0.023 12.51 40.98 0.030 BSG
0.45 1 1 12.25 0.9 3.87 149070 1.56 1.23 8 7.92 23.34 0.042 12.25 94.96 0.072 WR
0.5 1 1 12.22 0.7 3.91 176329 1.73 0.71 16 8.26 19.76 0.033 12.22 51.38 0.039 WR
0.55 1 1 13.54 1.2 4.29 137783 1.54 0.35 27 8.55 9.22 0.014 13.54 28.58 0.018 WR
0.6 1 1 10.54 0.7 2.94 156029 1.62 0.39 26 7.26 7.87 0.017 10.54 25.87 0.026 WR
0.65 1 1 8.95 0.9 2.29 132055 1.56 0.45 21 2.52 0.77 0.014 8.95 24.19 0.034 WR
0.7 1 1 8.37 0.8 2.18 139669 1.51 0.08 109 4.20 0.40 0.003 8.37 3.16 0.005 WR
0.75 1 1 7.87 0.8 2.06 136999 1.60 0.05 194 5.48 0.77 0.003 7.87 1.75 0.003 WR
0.8 1 1 7.84 0.8 2.05 141948 1.69 0.35 31 5.49 5.47 0.021 7.84 12.38 0.023 WR
0.85 1 1 7.79 0.7 2.22 149138 1.60 0.38 27 5.45 6.30 0.024 7.79 14.47 0.027 WR
0.05 0.1 1 27.95 784 3.38 4976 1.92 1.47 9 7.30 23.45 0.050 12.36 130.12 0.097 YSG
0.1 0.1 1 27.80 923 3.87 4742 1.63 0.46 22 7.65 11.54 0.022 11.39 34.58 0.030 YSG
0.15 0.1 1 27.23 857 3.11 4658 1.78 0.17 71 8.89 5.34 0.008 11.77 11.80 0.010 YSG
0.2 0.1 1 26.20 838 2.21 4328 1.65 0.16 67 4.20 0.68 0.004 11.71 10.38 0.009 YSG
0.25 0.1 1 25.71 812 2.19 4385 1.62 0.60 17 3.80 2.09 0.017 12.46 48.18 0.035 YSG
0.3 0.1 1 26.49 1055 2.75 4072 1.67 0.82 13 5.10 6.06 0.026 11.69 61.65 0.051 YSG
0.35 0.1 1 23.81 597 3.44 5727 1.66 0.38 28 4.75 2.10 0.011 13.91 37.63 0.022 YSG
0.4 0.1 1 23.89 470 1.72 5421 1.37 0.73 11 2.69 3.00 0.047 15.04 130.82 0.066 YSG
0.45 0.1 1 19.64 319 7.54 9535 1.47 0.35 25 2.83 1.25 0.018 18.02 75.64 0.026 BSG
0.5 0.1 1 19.82 2.0 6.90 118952 1.51 4.66 2 4.58 33.26 0.180 19.43 1521.18 0.458 WR
Note: Same as table 1, but for MZAMS = 30M.
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